The emm genes are members of a gene family in group A streptococci (GAS) that encode for antiphagocytic cellsurface proteins and/or immunoglobulin-binding proteins. Previously sequenced genes in this family have been named " emm, " "j&A, " "enn, " "arp, " "protH, " and "mrp"; herein they will be referred to as the " emw2 gene family." The genes in the emm family are located in a cluster occupying 3-6 kb between the genes mry and scpA on the chromosome of Streptococcus pyogenes. Most GAS strains contain one to three tandemly arranged copies of emm-family genes in the cluster, but the alleles within the cluster vary among different strains. Phylogenetic analysis of the conserved sequences at the 3' end of these genes differentiates all known members of this family into four evolutionarily distinct emm subfamilies. As a starting point to analyze how the different subfamilies are related evolutionarily, the structure of the emm chromosomal region was mapped in a number of diverse GAS strains by using subfamily-specific primers in the polymerase chain reaction. Nine distinct chromosomal patterns of the genes in the emm gene cluster were found. These nine chromosomal patterns support a model for the evolution of the emm gene family in which gene duplication followed by sequence divergence resulted in the generation of four major-gene subfamilies at this locus.
Introduction
Streptococcus pyogenes is the etiological agent of streptococcal pharyngitis and streptococcal impetigo. One important virulence factor in S. pyogenes is the M protein, which has been used for serological classification of strains within this species for more than the past 4 decades ( Lancefield 1962) . M proteins are antigenically diverse proteins defined by their antiphagocytic activity (reviewed in Fischetti 1989) . On the basis of recent molecular analyses, the M protein family has been expanded to include all related streptococcal proteins that share substantial homology and structural features with known M proteins. Many of the proteins in this family bind the Fc region of the immunoglobulin (Ig) molecules IgG or IgA (Frithz et al. 1989; Heath and Cleary 1989; Gomi et al. 1990; Bessen and Fischetti 1992; O'Toole et al. 1992) , while some bind fibrinogen, human serum albumin, or factor H (Wagner et al. 1986; Horstmann et al. 1992 4. The correlation between binding properties and pathogenic functions is still little understood.
The emm gene family is also of interest because of the antigenic heterogeneity of its members; ~80 M serotypes are known. Antigenic heterogeneity of M proteins is the consequence of highly polymorphic 5 ' ends of emm-family genes (Scott et al. 1985) that encode the amino acids distal to the cell surface capable of eliciting a protective host immune response during infection (Lancefield 1962 ) . Furthermore, the 5' end is composed of repeats that can participate in intragenic recombination, resulting in size variation of the M protein (Hollingshead et al. 1987b, 199 1) : antigenic and opsonogenic variation of M proteins occurs in part as a result of recombination (Jones et al. 1988; Hollingshead et al. 199 1) . It is not yet known whether additional gene rearrangement or intergenic recombination has contributed to the antigenic heterogeneity of the M molecule in strains that have multiple genes at this locus (Haanes and Cleary 1989) . Evolutionary analysis of this gene family is expected to shed light on genetic mechanisms contributing to the generation of both antigenic heterogeneity and multiple gene functions.
The hypothesis has been suggested that, following an ancient gene duplication event, the emm homologues diverged in function, as well as in sequence, from the ancestral emm gene ( Haanes and Cleary 1989) . Individual group A streptococcal strains contain one to three alleles of emm-family genes in a cluster on the chro-mosome (Hollingshead et al. 1993; Podbielski, 1993) .
In the present report, mapping of the emm gene cluster in a diverse group of streptococcal strains was used in concert with phylogenetic analysis to explore the evolution of this multigene family in group A streptococci (GAS). In particular, the present report addresses the contribution of gene duplication to the evolution of the genes now present in the emm chromosomal region. Our increased ability to understand the evolution of the emm gene clusters should provide a framework for understanding the pathogenesis associated with emm-family genes, because particular virulence properties may be associated with specific alleles or suballeles.
Material and Methods

Bacterial Strains and Culture Method
The strains of Streptococcus pyogenes used in this study are listed in table 1. A group of 44 strains representing 32 different M protein serotypes were chosen, with emphasis on diversity, from a larger collection of 372 strains for which a variety of phenotypes were determined.
Half of the strains studied were class I and opacity factor (OF) negative, and the other half were class II and OF positive. Class I GAS strains react with defined monoclonal antibodies 1 OF5 and 1 OB6 directed against conserved epitopes in M proteins (Bessen et al. 1989) . Further phenotypic diversity was based upon the following traits: ( 1) IgG and IgA binding; ( 2) collagen binding; (3) proteoglycan binding; (4) fibronectin binding; and (5) fibrinogen binding (Bessen et al. 1989; L. E. Switalski, D. E. Bessen, and S. K. Hollingshead, unpublished data) . Strains were isolated from a variety of disease states, tissue sites of infection, and geographical regions. Streptococcal bacteria were routinely grown in Todd Hewitt broth with added 0.2% yeast extract (THY) in standing cultures at 37°C and stored frozen at -80°C with added 20% glycerol.
Sequence Alignment and Phylogenetic Analysis
Eighteen emm-family genes were previously sequenced: 1-emm6 (Hollingshead et al. 1986 ) ; 2-emm 12 (Robbins et al. 1987 ); 3-emm19; 4-emm55, and 5-emm30 (Hollingshead et al. 1987~) ; 6-emm5 (Miller et al. 1988) ; 7-emm24 (Mouw et al. 1988) ; 8-emm49 and 9-ennX (Haanes and Cleary 1989) ; lo-arp4 (Frithz et al. 1989 ); 1 l-firA gene (Heath and Cleary 1989);  12-protH (Gomi et al. 1990 ); 13-emm 18 ( Podbielski et al. 1991 ); 14-emm57 gene (Relf 1990) ; 15-emmL2.1 and 16-emmL2.2 (Bessen and Fischetti 1992) ; 17-enn4 (Jeppson et al. 1992) ; and 18-mrp4 (O'Toole et al. 1992 has not been subjected to phylogenetic analyses. A conserved 3' region (405 bp) showing ~70% DNA similarity for all possible gene pairs was chosen for this study. DNA sequence alignment was performed using the program Pileup of the University of Wisconsin Genetics Computer Group (Needleman and Wunsch 1970; Devereux et al. 1984) . After several different parameters for introduction of gaps were tested, a gap penalty of 3.0 and gap length penalty of 0.1 were chosen. Before phy-logenetic analysis, the alignment was adjusted by hand to match the maximum amino acid alignment for this region.
Further analysis of the DNA sequence alignment was performed using the phylogenetic analysis program PHYLIP (Felsenstein 1990) . Distances for pairwise combinations of the aligned sequences were calculated in DNAdist. Both DNApars and DNApenny were used for parsimony analysis, and a tree was portrayed with the program MacClade 3.0 (Maddison and Maddison 1992) . In NJBOOT2 (Tamura 1993 )) a phylogenetic tree was constructed by the neighbor-joining method (Saitou and Nei 1987) . Additional discrete-character parsimony analysis of gene cluster patterns was performed with the program PAUP (Swofford 1990 Chromosomal DNAs were prepared as described elsewhere (Hollingshead et al. 1993) . PCR amplifications were carried out in a total volume of 50 ~1 in a cocktail containing 2.0 mM MgC12, 125 PM dNTPs, 50 pmol of each primer, and 2.5 U of Taq DNA polymerase. Except where noted, the cycle used was 94°C for 1 min., 55 "C for 1 min, and 72°C for 5 min, repeated 35 times. In reactions where >2-kb DNA amplification products were expected, a buffer containing 30 mM Tris-HCl pH 8.4, 2.0 mM MgC12, 5 mM P-mercaptoethanol, 0.01% gelatin, and 0.1% Brij was used (Ponce and Micol 1992) .
Primers and Strategy for Mapping the emm Gene Clusters
Oligonucleotide primers on either side of the emm gene cluster were synthesized on the basis of the published sequences of the mry gene and the scpA gene (Chen and Cleary 1990) ; these primers are respectively referred to as "upstream primers" (UPS) and "downstream primers" (DPs). Primers unique to each emm gene subfamily ( SF1 -SF4) were designed by selecting sequences that span the small gaps revealed by sequence alignment of genes from the four subfamilies (fig. 2); "F" or "R" in the primer designation refers to forward or reverse directions, respectively, within the emm gene clusters. The allele-specific hybridization of these primers was demonstrated elsewhere by Southern blots (Hollingshead et al. 1993) . Specific primer sequences and locations are available from the authors.
A PCR-mapping technique was devised to map the emm gene cluster in a manner analogous to restriction mapping as described by Smith and Birnstiel ( 1976) .
PCR fragments from the emm locus were amplified using one conserved flanking region primer (a UP or DP) and one subfamily-specific primer from within the emm gene cluster. Thus, in one set of four PCR reactions, the distance from the UP site to each allele can be tested, and, in a second set of experiments, the distance from each allele to a DP site can be tested. UPS or DPs were also paired with primers from unique intergenic sequences, to further clarify gene locations.
Evaluation of Primers and PCR-generated Products
The optimal primer annealing temperature for PCR was calculated (Rychlik et al. 1990 ) and used as a starting point for PCR reactions. Each subfamily-specific pair of primers was tested empirically for allele-specific amplification by using positive and negative control strains for which sequence information and the expected results were known. Additional PCR reactions for several strains were performed at lower and higher annealing temperatures to ensure that PCR conditions would yield only allele-specific amplification products. For the majority of primer pairs, a hybridization temperature of 55°C was found to give allele-specific PCR products. Exceptions to this were performed with a hybridization temperature of 62°C or 65°C and are noted in table 3 as a footnote. Negative results were considered significant and were used in generating our chromosomal patterns, if positive amplification products were obtained on control strains known to have sequences homologous with the primers.
Statistical Analysis
The estimate of pattern number was done by the method of Briles and Carroll ( 198 1) ) with adjustments to formula as revised by Crain et al. ( 1990) . Bootstrapping was performed by PHYLIP for the parsimony analysis and by NJBOOT2 for the neighbor-joining tree.
Results
Four Subfamilies of the emm Gene Family
The emm-family genes encode conserved carboxytermini consisting of three major domains that span the cell-wall peptidoglycan and attach these molecules to the streptococcal cell surface (Haanes and Cleary 1989; Bessen and Fischetti 1992; Hollingshead et al. 1993 Kimura's ( 1980) two-parameter model. These distances were then used to generate the neighbor-joining tree ( fig. 1 B) .
The emm genes separate into four basic clusters, or monophyletic groups, in almost all the trees generated; (Hollingshead et al. 1986 ); 2-emm 12 (Robbins et al. 1987 ); 3-emml9, 4-emm55, and 5-emm30 (Hollingshead et al. 1987~) ; 6-evMm5 (Miller et al. 1988 ); 7-emm24 (Mouw et al. 1988 ); 8-emm49 and 9-ennX (Haanes and Cleary 1989) ; IO-arp4 (Ftithz et al. 1989 ); 1 I-fcrA76 gene (Heath and Cleary 1989) ; 12-protH (Gomi et al. 1990 ); 13-emml8 (Podbielski et al. 1991 ); 14-emm57 gene (Relf 1990 ); 15-emmL2.1 and 16-emmL2.2 (Bessen and Fischetti 1992) ; 17-enn4 (Jeppson et al. 1992); and 18-mrp4 ( O'Toole et al. 1992) . A, Consensus tree generated by exhaustive search under maximum parsimony, with the aid of PHYLIP. B, Tree constructed from the same alignment, by the neighbor-joining method of Saitou and Nei ( 1987) in NJBOOT2 (Tamura 1993) . Numbers for each tree indicate the percentage of time each branch was joined together under bootstrap analysis. SF-1 through SF-4 represent the clusters of genes forming subfamilies 1 through 4, respectively. these clusters are referred to as "emm subfamilies" (SF-1, SF-2, SF-3, and SF-4). Trees generated by parsimony analysis had a minimum length of 225, and 108 trees of this minimum length were generated when maximum parsimony in DNApenny was used. After 1,000 bootstrap replications, the clusters forming SF-2, SF-3, and SF-4 were monophyletic 100% of the time, whereas SF-1 is monophyletic 78% of the time ( fig. 1 A) . The other 22% of the time, SF-2, SF-3, and SF-4 were interspersed within group SF-1. The tree generated by the neighborjoining method showed all four subfamilies as monophyletic groups ( fig. 1 B) .
The consensus sequence for each subfamily is shown aligned in figure 2. The genetic distances between the subfamilies were determined by the pair-wise differences corrected for multiple substitutions (Kimura 1980) ) excluding gaps. Overall DNA similarity among the members of each subfamily was >97%, while sequence similarity between different subfamilies had a range of 72%-83%. 
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-Condensed sequence alignment of the conserved 3' region defining four emm gene subfamilies. Sequences were aligned using the program Pileup of the Genetics Computer Group of Wisconsin sequence analysis package, with a gap weight of 3.0 and a gap length weight 01 Both synonymous and nonsynonymous rates for nucleotide substitution between pairwise combinations of all the emm-family genes were calculated by the method of Nei and Gojobori ( 1986) . Substitution rates between subfamilies are displayed in table 2 as the average values for each subfamily. Rates of synonymous substitutions between subfamilies were quite high, 0.24-0.56 substitutions/site.
PCR Mapping of emm Gene Clusters
The presence of at least five chromosomal patterns for the genes in the emm gene cluster was suggested by Southern analysis (Hollingshead et al. 1993) . To explore the extent of heterogeneity within this gene cluster, a map of the cluster in each of 44 phenotypically diverse strains was generated. The presence or absence of each of the four currently known emm subfamilies was analyzed using PCR mapping. No PCR products were amplified when DNAs from several species of streptococci closely related to Streptococcus pyogenes were used as templates (data not shown). The PCR fragments amplified using chromosomal DNAs as templates hybridized to appropriate gene probes (data not shown). These findings confirmed that the PCR-generated fragments were from the emm gene cluster.
To construct an emm chromosomal map, a subfamily-specific primer was paired individually with either a UP or a DP. The sizes of the PCR-generated fragments are expected to be equivalent to the chromosomal distance between two primers and can be used to establish the position of a particular subfamily gene within the map. Examples of this type of analysis, performed on DNA from three different GAS strains, are presented in figure 3 . The internal consistency of the maps was verified in that the sum of the sizes of PCR products generated with certain primer pairs ( UP-1 SF l-R and SF 1 -F:DP-2 ) was equal to the size of the product that was generated with other primar pairs (UP-l :DP-2)) thereby confirming that the maps are true reflections of the distances between actual chromosomal sites. Allele-specific PCR amplifications using 11 distinct primer pairs were performed on chromosomal DNA derived from 44 different strains (table 3) . For a given strain, at least two PCR products that were diagnostic for a particular subfamily member gene were used to identify the precise location of that allele (table 3) . In all of the strains tested, at least one of the subfamilyspecific primers amplified in combination with the DPs in the scpA gene. Thus, DP priming sites are well conserved within all strains tested, consistent with other studies (Podbielski 1992) . In contrast, relatively few strains amplified with the UPS in the mry gene. During the course of this study, it was demonstrated that sequence divergence exists within the mry/vir gene in many strains of S. pyogenes (Haanes et al. 1992; Podbielski 1992; Hollingshead et al. 1993) . Additional mry/ vir-specific primers or lower-stringency conditions for the annealing step of PCR amplification were not successful in amplifying this portion of the gene cluster. In mapping the 5' end of the emm gene cluster for strains that would not amplify with mry primers, it was assumed that the largest fragment generated in combination with primer DP-2 represented the gene farthest ' For two of three strains; the other had 800.
m Additional primer pairs that confirm overall locus structure. " For three of four strains; the other was NA. ' The UP-I primer would amplify with SFI-R in this group.
For further analysis of the history of the chromosomal patterns, the symbols O-4 were assigned to represent the following : 0 = no gene; 1 = SF-1 gene; 2 = SF-2 gene; 3 = SF-3 gene; and 4 = SF-4 gene. A matrix with three informative characters that describes the three genes in the cluster upstream of scpA was analyzed in PAUP (Swofford 1990 ) and MacClade (Maddison and Maddison 1992) . Figure 5 shows a 50%majority-rule consensus tree produced when the nine structural patterns were considered for phyogenetic analysis under maximum parsimony.
Discussion
Phylogenetic analysis distinguishes four subfamilies within the emm family of genes ( fig. 1 ). These subfamilies are based on sequence divergence in the 3' end of emm family genes and are consistent with the hypothesis that gene duplication has contributed to the evolution of this gene family. If we consider that the DNA similarity between subfamilies is high, the relatively high rates of nonsynonymous substitutions suggest that the genetic separation of the emm subfamilies is not a recent event.
Rates of nucleotide substitution between emm subfamilies were estimated to be slower than the rates of substitution between mammalian orders (Li et al. 1985a ). The emm-family genes are arranged in a gene cluster that differs in its gene content in different GAS strains. Nine distinct arrangements or patterns were found when the emm gene clusters from a diverse group of 44 strains from Streptococcus pyogenes were examined. Eight of these patterns were represented by two or more strains. Although it is not yet clear that this sampling represents the entire spectrum of structural heterogeneity present in this gene cluster, a statistical estimate indicated that the total number of different emm gene cluster patterns expected for this sample size is not much larger than the nine observed. These nine distinct chromosomal patterns may later be found to correspond to specific biological functions associated with the spectrum of genes present at this virulence locus, and the patterns provide a frame-Pattern 1 mry work for further exploring the evolution of this gene family.
Model for Evolution of this Chromosomal Locus
The arrangement of the emm gene cluster for each of the nine chromosomal patterns is shown in figure 4 . Together, the patterns suggest a model for evolution by duplication of the genes forming the different subfamilies at this locus ( fig. 5 ) . In the model, pattern 2 would result from pattern 1 by a gene duplication of an SF-1 gene. The duplication of the SF-l genes might have then allowed for the divergence in both sequence and function of the downstream allele, to form the SF-3 allele, changing pattern 2 into pattern 3. During the time that the SF-3 gene diverged, it is likely that the mry gene diverged as well, because pattern 3 also has a divergent mry gene. Pattern 4 could have arisen from pattern 3 after a second emm gene duplication and divergence of the upstream member of the duplicated pair of genes, to create an SF-4 allele. Pattern 5 could have arisen from pattern 4 strains by the divergence of the central member of the gene trio.
Phylogenetic analysis based on genetic distances between subfamilies (table 2) and on characters representing the chromosomal patterns ( fig. 5 ) are consistent with this model. Pattern 1 strains, containing a single SF-1 gene, could be closer to the ancestral gene sequence. In the parsimony phylogenetic tree, ( fig. 1 A) , the SF-1 sequence was only monophyletic 78% of the time, consistent with the possibility that it represents an older subfamily.
Furthermore, SF-l sequences are the least divergent from outgroup emm-family genes sequenced from the group G streptococci (Collins et al. 1992; Smirnov et al. 1992) . Indeed, strains expressing a class I M protein accounted for seven of the nine patterns (all but patterns 5 and 6)) indicating substantial heterogeneity of the emm clusters containing SF-l genes and also being consistent with the idea that SF-l may be closer to an ancestral emm gene. Strains containing an SF-2 allele (nearly all are class II-expressing strains) are much more homogeneous, exhibiting either pattern 5 or pattern 6, which differ from each other by an additional 700-bp insertion between emm genes SF-2 and SF-3 (fig. 4) . This is at least consistent with the idea jl Patt II Ii-" """' """" """' " "' ,l consensus tree constructed after exhaustive search under maximum parsimony with the aid of PAUP (Swofford 1990 ) is presented. Patterns l-9 represent taxa based on characters revealed by the gene structural heterogeneity as depicted in fig. 4 . Percentages indicate the fraction of time for which branches were joined under bootstrap analysis.
that SF-2 has diverged from an ancestral gene more recently than has the SF-l emm gene. This model for the evolution of the emm locus can be tested by further phylogenetic analysis of subsequences in this family.
Implications for Generating Antigenic Heterogeneity of emm Genes
The chromosomal patterns suggest that a limited number of gene duplications have contributed to the chromosome structure in this region. The gene order of different subfamilies is conserved for all patterns. For example, when present, SF-3 genes are always in the position closest to the scpA gene. Similarly, when present, the SF-4 (firA-related) gene is in the position closest to the mry or virR gene. If intergenic recombination occurred frequently among the multiple genes in this gene FIG. 4 .-Proposed maps of nine emm chromosomal locus patterns defined by PCR analysis. Numbers below the lines indicate approximate distances in base pairs; boxes above the lines indicate the presence of genes inferred from the amplification products obtained in 11 PCR reactions. Mry is the regulatory gene upstream of the emm locus; divergent mry (shaded) is a postulated gene partially homologous to mvy present in some patterns. ScpA marks the downstream end of the emm locus (Haanes et al. 1992; Hollingshead et al. 1993) . SF-1 through SF-4 indicate the presence of a gene of subfamilies 1 through 4, respectively, as indicated by PCR amplification with allele-specific primers distinct for each subfamily. A model for the evolution of this gene locus by gene duplication and sequence divergence may be postulated for patterns l-6 at the top of the figure. The strains in patterns 7-9 at the bottom of the figure may be indicative of alternative evolutionary patterns; insufficient data exist for those strains at this time.
cluster, it would predict a rearranged order for genes of different subfamilies in some patterns. Because the gene order found is parallel for all nine patterns, from these limited data one can conclude that intergenic recombination does not appear to have been a major force in the arrangement of the chromosomal patterns. The data do not yet address the possibility that recombination between members of the gene cluster plays some role in generation of antigenic diversity. This analysis was based entirely on the conserved 3' emm genes. Phylogenetic analysis of the 5' variable portion of emmfamily genes is difficult because of the extreme sequence diversity; sequence alignments are not possible in many instances, nor is the sequence relationship among strains known. Understanding the structure of the gene clusters should simplify the task of understanding evolutionary aspects of the antigenic polymorphism and diverse functional domains that make this gene family of interest.
Few prokaryotic gene families have been examined with regard to the factors contributing to gene evolution.
The emm gene family is remarkable because family members are recognized as belonging to the family or to a subfamily by virtue of their conserved 3' ends, while 5' ends of sibling genes in the family have maintained very limited similarity in diverse family members. Given the importance of the M protein as a virulence determinant for GAS, the PCR-based mapping of this chromosomal locus should be useful in deciphering the contributions of gene duplication and mutation to the extreme sequence diversity that is present in portions of the alleles encoding surface-exposed parts of the M or M-like proteins. It should also provide a basis for understanding the evolutionary relationship between M proteins and Ig-binding proteins and their role in pathogenesis.
